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Abstract 
 
Zirconia based materials have been widely used in construction of dental prosthesis 
because of their mechanical and aesthetical properties and a lot of money have been 
invested in their development, but no one of the producers considered the aging of 
zirconia. In this job have been demonstrated, with Raman spectroscopy, the low 
temperature degradation of zirconia and has been investigated the residual stress in 
zirconia-alumina composites at room temperature and in open-air after 8 years of 
aging, then have been investigated the phase trasformation of tetragonal zirconia into 
monocline form of pure zirconia and alumina-zirconia composites tested in water 
with a thermal fatigue cycle between 5°C and 55°C. A partial solution of the problem 
is proposed. Atomic Force Microsopy and Near-field Scanning Optical Microscopy 
techniques have been tested as method of investigation and validation of the results. 
 
I materiali a base di zirconia trovano vasto impiego nella realizzazione di protesi 
dentali grazie alle loro proprietà meccaniche ed estetiche e molti soldi sono stati 
investiti nel loro sviluppo, ma nessuno dei produttori ha considerato il fenomeno di 
invecchiamento della zirconia. In questo lavoro è stato dimostrato, attraverso 
l‘impiego della spettroscopia Raman, il degrado a bassa temperatura della zirconia ed 
è stato analizzato lo stato tensionale interno in compositi allumina-zirconia mantenuti 
a temperatura ambiente in aria per 8 anni; a seguire è stata analizzata la 
trasformazione di fase da tetragonale a monoclino della zirconia in campioni sia di 
zirconia pura che in campioni di composito alumina-zirconia, testati in acqua e 
sottoposti ad un ciclo di fatica termica tra 5°C e 55°C. Viene anche proposto un 
metodo corretivo del problema. La microscopia a forza atomica e la microscopia 
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ottica in campo prossimo sono state testate come strumento di verifica e validazione 
dei dati ottenuti. 
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Introduction 
 
In recent years it‘s possible to observe a growing interest into Zirconia, or zirconium 
oxide, as a material for use in creating dental prostheses. The scientific literature of 
dentistry enhances the mechanical and physical properties of zirconium, reports 
comparisons between the various materials which are commercially available but 
doesn‘t face up a physical phenomenon in the use of zirconia in dental branch: aging. 
 
The literature review does not report any research work on this material about aging 
at temperatures characteristics of human mouth merely reporting well-known results 
related to the onset of the phenomenon at around 200 ° C, temperature of no interest 
for use in dental practice. 
This thesis investigates the phenomenon of spontaneous aging of Zirconia in wet and 
low temperature in order to assess the problems related to its use in making dentures 
and in order to propose appropriate engineering solutions. 
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Zirconia 
 
 
Zircon has been known as a gem from ancient times. The name of the metal, 
zirconium, comes from the Arabic Zargon (golden in colour) which in turn comes 
from the two Persian words Zar (Gold) and Gun (Colour). Zirconia, the metal 
dioxide (ZrO2 ), was identified as such in 1789 by the German chemist Martin 
Heinrich Klaproth in the reaction product obtained after heating some gems, and was 
used for a long time blended with rare earth oxides as pigment for ceramics.  
Zirconium dioxide (ZrO2), also known as zirconia is a white crystalline oxide of 
zirconium. Its most naturally occurring form, with a monoclinic crystalline structure, 
is the rare mineral, baddeleyite. The high temperature cubic crystalline form, called 
'cubic zirconia', is rarely found in nature as mineral and is called tazheranite 
(Zr,Ti,Ca)O2, but is synthesized in various colours for use as a gemstone. The cubic 
crystal structured variety cubic zirconia is the best-known diamond simulant. 
 
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
7 
 
Zirconia Production 
 
Zirconia as a pure oxide does not occur in nature but it is found in baddeleyite and 
zircon (ZrSiO4) which form the main sources for the material.  Of the two of these, 
zircon is by far the most widespread but it is less pure and requires a significant 
amount of processing to yield zirconia. 
The processing of zirconia involves the separation and removal of undesirable 
materials and impurities - in the case of zircon - silica, and for baddeleyite, iron and 
titanium oxides.  There are several routes to the extraction of zirconia from zircon 
including: 
 Chlorination – ―The kinetics of the chlorination of zirconium dioxide in a 
static bed with carbon and chlorine‖ – Journal of Inorganic and Nuclear 
Chemistry, Volume 34, Issue 8, August 1972,Pages 2487-2495 A. J. 
O'Reilly, I. D. Doig and J. S. Ratcliffe 
    
 Alkali oxide decomposition – ―From Zircon to High Purity Zirconia for 
Ceramics‖ - H. N. Sinha, Mineral Processing and Extractive Metallurgy 
Review, Volume 9, Issue 1 - 4 February 1992 , pages 313 - 325 
 
 Lime fusion – ―New Route for the Extraction of Crude Zirconia from 
Zircon‖ - Nicholas J. Welham, T. A. Parthasarathy,  
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 Plasma dissociation – ―From Zircon to High Purity Zirconia for Ceramics‖ 
- H. N. Sinha, Mineral Processing and Extractive Metallurgy Review, 
Volume 9, Issue 1 - 4 February 1992 , pages 313 – 325 
 
But details about these production systems have nothing to deal with this thesis and 
therefore have not been addressed. 
 
Typical Applications 
 
Knives and Scissors 
A major problem with metal knives and scissors when faced with tough materials 
such as Kevlar or when cutting large quantities of paper (which often contain 
dispersed minerals) is the abrasion or blunting of the cutting edge. Zirconia materials 
in this application retain their edge and stay sharp longer. 
The key properties which make zirconia a suitable material for this application are: 
 High strength and fracture toughness coupled with high hardness (harder than 
the materials being cut) 
 Fine grain size so that a microscopically sharp edge may be achieved 
 The effect of transformation toughening at the machined edge of the blade 
which enhances toughening. 
Other similar applications include blades for cutting of plastic film, magnetic tape 
and other tough or abrasive materials. Zirconia is also used in composite cutting tools 
and abrasive wheels. 
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Seals, Valves and Pump Impellers 
The handling and transport of slurries and aggressive chemicals present a difficult 
materials problem.  High temperatures and high pressure flow lead to highly reactive 
and abrasive conditions. The key properties which make zirconia a suitable material 
for this application are: 
 Chemical resistance 
 High hardness for wear resistance 
 Good surface finish to resist fouling and to minimise friction on sliding 
surfaces 
 High toughness to prevent damage during assembly or by impact in operation 
Orthopaedic implants 
Zirconia is used as a femoral head component in hip implants. High strength and 
high toughness allow the hip joint to be made smaller which allows a greater degree 
of articulation. The ability to be polished to a high surface finish also allows a low 
friction joint to be manufactured for articulating joints such as the hip. 
The chemical inertness of the material to the physiological environment reduces the 
risk of infection. For this reason, only zirconias manufactured from low radioactivity 
materials can be used in this application. 
Refractory Applications 
Zirconia (monoclinic and partially stabilised) powder is used in refractory 
compositions to enhance thermal shock resistance and abrasion resistance. These 
materials are used in severe applications such as sliding gate plates for pouring steel, 
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and in steel immersion applications such as stopper rods and as components in 
submerged entry nozzles. 
Other refractory applications for zirconia include insulating fibre and thermal barrier 
coatings. 
Electronic Applications 
The electronic and electrical applications of zirconia rely on the relatively high 
electronic conductivity and the high oxygen ion conductivity of the fully stabilised 
material.  
This allows the material to be used as: 
 Resistive heating elements - which can be operated in air beyond the 
temperature range of convention elements 
 Oxygen sensors which operate on the Nernst cell principle 
 Electrolyte in solid oxide fuel cells 
Synthetic Gemstones 
By melting zirconia with dopants and recrystallising on cooling, gemstones can be 
produced which simulate diamond, ruby, topaz and emerald. These materials are 
commonly known as cubic zirconias. 
 
Other Applications 
Due to its excellent wear resistance, zirconia is used as in thread guide, cams and 
wire drawing dies. It is also used as a cathode for plasma torches and a nucleating 
agent for glass ceramics. 
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Key Properties 
Typical properties exhibited by zirconia that are commonly utilised include: 
 High strength 
 High fracture toughness 
 Excellent wear resistance 
 High hardness 
 Excellent chemical resistance 
 High toughness 
 Very refractory 
 Good oxygen ion conductor 
The properties exhibited by zirconia ceramics depend upon the degree and type of 
stabilisation and on the processing used. Typical properties for various zirconias are 
given in table 1. 
Table 1. Mechanical properties for zirconia. 
  Partially 
stabilised 
Fully Stabilised 
Density (g.cm
-3
) 5.7 - 5.75 5.56 - 6.1 
Hardness -Knoop (GPa) 10-11 10-15 
Modulus of Rupture (MPa) 700 245 
Fracture Toughness (MPa.m
-1/2
) 8 2.8 
Youngs modulus (GPa) 205 100 -200 
Poissons ratio 0.23 0.23-0.32 
Thermal expansion (10
-6
/°K) 8-10.6 13.5 
Thermal Conductivity (W/m.K) 1.8-2.2 1.7 
Specific Heat (J/Kg.K)) 400 502 
  
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
12 
 
Engineering properties 
Zirconium dioxide is one of the most studied ceramic materials. It has three 
allotropes: monoclinic, tetragonal and cubic. At very high temperatures (>2370°C) 
the material has a cubic structure. At intermediate temperatures (1170 to 2370°C) it 
has a tetragonal structure. At low temperatures (below 1170°C) the material 
transforms to the monoclinic structure. These transformations occur with a volume 
expansion in the order of 2.3% from cubic to tetragonal and 4.5% from  tegragonal to 
monoclinic and this induces very large stresses, and will cause pure ZrO2 to crack 
upon cooling from high temperatures. These transformations are matensitic, it means 
that they not happen with a specific temperature. 
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The Martensitic tm transformation in zirconia [1,2] 
 
The martensitic transformation term is associated to transitions occurring in a fairly 
large number of materials exhibiting characteristics described by the following 
definition: ‗‗A martensitic transformation is a first order displacive structural 
transition exhibiting lattice invariant strain, essentially composed of a shear strain‘‘. 
The first order displacive term means that the transformation involves atomic 
displacements small but finite (about a tenth of the atomic spacing), and perfectly 
correlated for a large number of atoms. No atomic diffusion is occurring during the 
transition, so that it may occur at any temperature, without changing either the 
atomic order or the chemical composition. The atomic shifts are such that they lead 
to a homogeneous strain of the crystal lattice, with a small volume change as 
compared to the shear components. 
The models developed to describe a martensitic transformation are however not 
specific to a particular material. 
The tetragonal to monoclinic transformation occurs at  1223 K (Ms) on cooling in 
pure zirconia, and is accompanied by a shear strain of 0.16 and a volume expansion 
of 0.04. The transformation is reversible and occurs at 1423 K (As) on heating. By 
alloying with oxides such as Y2O3 or CeO2, a fully tetragonal phase microstructure 
can be obtained, with an Ms temperature such that spontaneous transformation does 
not occur on cooling to room temperature. Transformation can then be triggered by 
the action of water, by low temperature treatments (typically 350–500 K) in steam 
autoclave. 
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Thermal treatment in water vapour is known to induce the tetragonal to monoclinic 
phase transformation at the surface of zirconia when these treatments are conducted 
in autoclave at 413 K, in saturated water vapour atmosphere, with a 2 bar pressure. 
 
 
 
The tm transformation normally occur on the surface and three different modes of 
variants growth have been  experimentally observed. 
 
1. Internal growth - with the progressive growth of variants, toward the inside of 
the grain. 
2. External growth - the transformation starts undoubtedly at the surface, with 
the formation of a fully accommodated set of opposed variants, of fairly small 
size 
3. Needle growth - An isolated martensite needle is formed and grows in size. 
As soon as it is formed, it begins to generate opposite stresses (back stresses) 
in the surrounding matrix, opposing continued transformation of the initial 
variant 
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Internal growth 
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External growth 
 
Needle growth 
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Since the transformation is, at least in the first stages, stopped by the presence of 
grain boundaries, it can be assumed the penetration depth variations reflects the path 
of grain boundaries in the volume of the grain, below the free surface. 
 
 
 
 
Stabilization of Cubic and Tetragonal phases 
 
It is possible to get the cubic and the tetragonal phases of Zirconia, at room 
temperature, in a metastable form, alloying it with several different oxides: 
magnesium oxide (MgO), yttrium oxide, (Y2O3), calcium oxide (CaO), and 
cerium(III) oxide (Ce2O3), amongst others (Yb2O3, Sc2O3, Eu2O3, Er2O3, Gd2O3, 
La2O3) 
 The stabilization is possible adding cations with atomic radius a little bigger than 
Zr
4+
 (r = 84pm) and with lower valence  (2,3): Ce
3+
 (r8 = 114pm) , Ca
2+
 (r8 = 
112pm), Y
3+
 (r8 = 101pm) [3] 
If sufficient quantities of the metastable tetragonal phase is present, then an applied 
stress, magnified by the stress concentration at a crack tip, can cause the tetragonal 
phase to convert to monoclinic, with the associated volume expansion. This phase 
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transformation can then put the crack into compression, retarding its growth, and 
enhancing the fracture toughness. This mechanism is known as phase transformation 
toughening, and significantly extends the reliability and lifetime of products made 
with stabilized zirconia. The aim of dental prosthesis producers is to exploit the 
phase transformation toughening. 
 
Mechanical properties of zirconia relate to its fine grained, metastable 
microstructure. The stability of this structure during the lifetime of TZP components 
is the key point to attain the expected performances. 
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Zirconia as a ceramic biomaterial [5] 
 
The R&D on zirconia as a biomaterial was started in the late sixties. The first paper 
concerning biomedical application of zirconia was published in 1969 by Helmer and 
Driskell, while the first paper concerning the use of zirconia to manufacture ball 
heads for Total Hip Replacements (THR), which is the current main application of 
this ceramic biomaterial, was introduced by Christel et al. in 1988. 
Today, more than 600.000 zirconia femoral heads havebeen implanted worldwide, 
mainly in the US and in Europe. [4]  
In the early stages of the development, several solid solutions (ZrO2-MgO, ZrO2-
CaO, ZrO2-Y2O3) were tested for biomedical applications. But in the following years 
the research efforts appeared to be more focused on zirconia-yttria ceramics, 
characterised by fine grained microstructures known as Tetragonal Zirconia 
Polycrystals (TZP).  
Characteristics of some ceramics for biomedical applications  
 
The development of zirconia as an engineering material was marked by Garvie et al., 
who in their paper 'Ceramic Steel?' showed how to make the best of T-M phase 
transformation in PSZ improving mechanical strength and toughness of zirconia 
ceramics. They observed that tetragonal metastable precipitates finely dispersed 
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within the cubic matrix were able to be transformed into the monoclinic phase when 
the constraint exerted on them by the matrix was relieved, i.e. by a crack advancing 
in the material. In that case, the stress field associated with expansion due to the 
phase transformation acts in opposition to the stress field that promotes the 
propagation of the crack. An enhancement in toughness is obtained, because the 
energy associated with crack propagation is dissipated both in the T-M 
transformation and in overcoming the compression stresses due to the volume 
expansion. 
Difficulties in obtaining Mg-PSZ precursors free of SiO2, Al2O3 and other impurities, 
increase in SiO2 contents due to the wear of milling media during powder processing 
before firing may have contributed to shift the interest of ball head manufacturers 
towards TZP materials. In ceramics containing MgO, magnesia silicates like enstatite 
(MgSiO3) and forsterite (Mg2SiO4) may form at grain boundaries, lowering the MgO 
contents in the grains and promoting the formation of the monoclinic phase, reducing 
the mechanichal properties of the material and its stability in a wet environment. 
Nevertheless, Mg-PSZ ball heads were used in the USA  and Australia. Also TZP 
precursors can contain silica, which is sometimes used as a liquid phase forming 
additive to achieve full density at temperatures lower than 1500°'C limiting grain 
growth. Lin et al. observed that aluminosilicate glasses in the grain boundaries 
scavenge yttrium ions from TZP grains, leading to a loss of stability of the tetragonal 
phase. Moreover, mullite (3Al2O3·SiO2) pockets were detected in the aluminosilicate 
glass, which leads to a loss of stability of the material in a wet environment. The use 
of such additives is hence to be avoided in TZP as ceramic biomaterials.  
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PSZ can also be obtained in the ZrO2-Y2O3 system. However in this system it is also 
possible to obtain ceramics formed at room temperature with a tetragonal phase only, 
called TZP. TZP materials, containing approximately 2-3% mol Y2O3, are 
completely constituted by tetragonal grains with sizes of the order of hundreds of 
nanometers. The fraction of T-phase retained at room temperature is dependent on 
the size of grains, on the yttria content, on the grade of constraint exerted on them by 
the matrix. 
 
An interesting characteristic of transformation toughened zirconia ceramics is the 
formation of compressive layers on their surface. Surface tetragonal grains are not 
constrained by the matrix, and can transform to monoclinic spontaneously or due to 
abrasive processes that can induce compressive stresses at a depth of several microns 
under the surface. 
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Several PSZ were tested as ceramic biomaterials, especially Mg-PSZ, which was 
extensively tested with favourable results. But R&D on this material for biomedical 
applications appears to have to be stopped in the early 1990‘s. 
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Aging or Low Temperature Degradation (LTD) 
 
LTD (or aging) is defined as the spontaneous t-m transformation occurring over time 
at low temperatures, when the t-m transformation is not triggered by the local stress 
produced at the tip of an advancing crack. 
 
The most salient features of the low-temperature degradation LTD are characterized 
by the following: a more extensive degradation with a lower stabilizer content and a 
larger TZP grain size, an accelerated degradation in the presence of water, a 
progressive degradation from the specimen surface to its interior.  
There are several proposed model which attempt to explain only the fact that the 
presence of water promotes the degradation. Sato and Shimada [6] proposed that the 
chemisorbed H2O forms Zr-OH at the surface, which results in the release of strain 
energy that would ensue if the tm transformation would occur. Yoshimura [7] 
suggested that the accumulated strain area resulting from the migration oh OH
-
 at the 
surface and in the lattice serves as a nucleus of the m-ZrO2 phase in the t-ZrO2 
matrix. Lange et al. [8] hypothesized that when water and Y2O3 react in Y2O3-
stabilized TZP (Y-TZP), the formation of small α-Y(OH)3 crystallites that depletes 
the stabilizer content at the surface and leads to the simple tm phase 
transformation. 
Sato et al. [9] reported also that this tetragonal to monoclinic phase transformation is 
accelerated even by non-aqueous solvents such as glycol, glycerol, ethanol amine, 
propylamine, etc. 
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It has been demonstrated that the depletion of Y2O3 is not involved in LTD and 
suggested that LTD is a relaxation process of internally strained lattice by a 
thermally activated oxygen vacancy diffusion. 
Apparently the alloying of the pentavalent oxides into Y-TZP accelerates the 
degradation while the alloying improves the transformability of Y-TZP. Thus it 
appears that the mechanism responsible for LTD is related to the stress-induced 
martensitic tm phase transformation, which is characterized by athermal and 
diffusionless process and involvement of a shape deformation. 
Kim [10] propose that the LTD is characterized by isothermal and diffusion-
controlled process. It is proposed that the limiting step for LTD is the diffusion of 
oxygen vacancies which results in an accumulation of residual stress on specimen 
surface. The diffusion of the vacancies from the sample surface into the interior 
during aging at low temperature distorts the Zr-O bonds on the surface, which 
facilitates the tm transformation and the reaction between Zr-O-Zr bond and H2O. 
All the studies of LTD reported a range of temperature between 125 and 400°C. 
Sato et al. reported that the aging rate is high at 200-300°C in dry air, while Sato et 
al. and Lange et al., report that in humid atmospheres the highest rate is found 
between 125°C and 225°C. 
To raise the resistance to low temperature degradation, several methods have been 
reported, including addition of another stabilizer, dispersion of a second phase, 
reduction in grain size, coating and surface modification. In general, the higher the 
Y2O3 content, the more resistant to the degradation. 
Numerous studies have been conducted to measure the aging kinetics of Y-TZP or 
Ce-TZP (yttria or ceria-stabilized tetragonal zirconia polycrystals). Depending on the 
authors, the laws giving the monoclinic phase amount versus time can be either 
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linear or sigmoidal. Until now, no real effort to rationalize these differences has been 
made. The most detailed studies have shown that the sigmoidal laws are related to 
nucleation and growth kinetics (nucleation of the monoclinic phase first on isolated 
grains on the surface, then propagation to the neighboring grains as a result of 
stresses and microcracks accumulation) [11]. In those cases, the kinetics can be 
described using Mehl–Avrami–Johnson (MAJ) laws, where the exponent n is of 
particular interest): 
f = 1 − exp − (bt)n 
where f is the monoclinic fraction and t is the aging duration. However, the exponent 
n given in or deduced from the 
literature can vary from 0.3 to almost 4, with no analysis to explain these apparent 
disagreements. Exponent n is not only characteristic of the aging mechanism (i.e. 
nucleation and growth), but also strongly depends on the kinetic features (mainly 
nucleation speed and interface—or growth—speed). 
This has been verificated with accelerated aging tests conducted in steam, at 134 ◦C, 
under a pressure of 2 bar (this corresponds to a standard sterilization procedure). It 
has been shown that 1 h of this treatment corresponds roughly to 4 years at body 
temperature. From experimental it is recognized that aging occurs by a constant 
nucleation of new sites with time and an increase in diameter and height of existing 
ones at constant rate, providing their is enough space to grow. With these features, 
the monoclinic fraction, f, versus time, t, equation should be on the form: 
𝑓 = 1 − 𝑒𝑥𝑝  − 
𝜋𝑑𝑑
2𝛼𝑕𝑁𝑟
48𝑘𝑙
 𝑡4  
where dd and αh are the diameter and height growth rates, Nr is the nucleation rate, k 
is the linear expansion accompanying the t–m transformation (1.3%) and l is the X-
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ray penetration depth (5 µm). This equation considers that the n exponent is constant, 
equal to 4, while experimental results show a significant variation of n with time. 
 
The thermodynamic approach 
 
The best way to understand the role of all factors involved in the t-m transformation 
is to consider it a chemical reaction governed by the pertinent free energy change: 
𝑡 − 𝑍𝑟𝑂2 ⟹ 𝑚 − 𝑍𝑟𝑂2         Δ𝐺𝑡→𝑚  
The free energy term, Δ𝐺𝑡→𝑚  , takes into account all contributions relevant for the t-
m transformation and can be split as follows: 
 
Δ𝐺𝑡→𝑚 =  Δ𝐺𝑡→𝑚
𝑐𝑕𝑒𝑚 + Δ𝐺𝑡→𝑚
𝑠𝑡𝑟𝑎𝑖𝑛 + Δ𝐺𝑡→𝑚
𝑠𝑢𝑟𝑓
 
 
Δ𝐺𝑡→𝑚
𝑐𝑕𝑒𝑚  is the term obtained from the chemical potentials: it takes into account the 
fact that at temperatures of interest for dental applications the energy of the 
monoclinic form is smaller than that of tetragonal. This term can be made snaller, 
hindering in this way the t-m transformation, by using the aforementioned stabilizers. 
Δ𝐺𝑡→𝑚
𝑠𝑡𝑟𝑎𝑖𝑛  is the contribution due to strain and it assumes the following form: 
Δ𝐺𝑡→𝑚
𝑠𝑡𝑟𝑎𝑖𝑛 =
1
2
𝜎𝑖𝑗 𝜀𝑖𝑗  𝑉 𝑚 − 𝑉 𝑡  
where σij is the stress tensor, εij is the strain tensor (indexes are written according to 
the repeated index notation, whereby summation is implied over repeated indexes) 
and Vm and Vt are the molar volume of the monoclinic and tetragonal phase, 
respectively.  
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Δ𝐺𝑡→𝑚
𝑠𝑢𝑟𝑓
takes into account the size of the particles involved in the t-m transformation 
and it is the contribution to the total free energy due to the presence of crystal surface 
of areal extension A. It assumes the form: 
Δ𝐺𝑡→𝑚
𝑠𝑢𝑟𝑓
=  𝐴𝑚𝛾𝑚 − 𝐴𝑡𝛾𝑡  
where γ represents the surface free energy. It is important to note that, as the 
chemical and strain terms are proportional to the cube of the crystal size while the 
surface term to the square of it, this term only becomes important when the size of 
the crystals is small. 
 
LTD and Grain size 
Numerous researchers have reported that reducing the average GS in zirconiabased 
ceramics has a beneficial effect on the stability of the tetragonal phase, and therefore 
on LTD. 
With a thermodynamic approach, one important implication is that, for small crystal 
sizes, the overall free energy is heavily influenced by the term associated to the 
crystal surface. In the simple case of a stress free crystal, with spherical shape (radius 
r), which is a good approximation of a single crystallite in a finely ground powder, 
we have: 
Δ𝐺𝑡→𝑚 =
4
3
𝜋𝑟3 𝑔𝑚 − 𝑔𝑡 + 4𝜋𝑟
2 𝛾𝑚 − 𝛾𝑡  
where g is the free energy per unit volume. So, for a given temperature, even below 
the transformation temperature of an infinitely large solid (~1170 °C, as seen above), 
Δ𝐺𝑡→𝑚  can be negative if the radius is less than a critical value, rc 
𝑟𝑐 = −3
𝛾𝑚 − 𝛾𝑡
𝑔𝑚 − 𝑔𝑡
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the critical size depends on the temperature T as 1/rc = A-BT where A and B are 
constants depending on the surface energy and the transformation enthalpy. 
Practically, the lower the temperature, the smaller is the critical size. In other words, 
a reduction of the grain size below a certain critical value has the potential of fully 
inhibiting LTD. 
 
Many papers suggest that at room temperature, for pure zirconia powders, the critical 
GS is in the order of 5-10 nm, 31 nm for pure zirconia, while others report 150nm for 
1.5Y-PSZ, dimensions quite smaller than what‘s used in dentistry (~300nm) 
The initial transformation of specific grains can be related to their disequilibrium 
state, i.e. either to a larger size, a lower yttria content, a specific orientation from the 
surface, the presence of residual stresses or even the presence of cubic phase, that has 
been underestimated in most of the existing literature. Even if, for istance, Chevalier 
et al. [12],  reported the evidence that 100% monoclinic phase was never reached in 
their experiments on 3Y-TZP even after very long exposure in steam. A careful 
reading of the Y2O3-ZrO2 phase diagram shows, however, that 3Y-TZP at sintering 
temperature (typically in the range between 1400°C and 1550°C) should present two 
phases : an yttrium-reach cubic phase and a tetragonal phase with an amount of 
yttrium lower than the nominal 3 mol %. Matsui et al. who showed that 3Y-TZP 
heated in the range 1450–1600°C (i.e. temperatures used for processing most of 
zirconia parts) exhibited a dual phase microstructure, consisting of both cubic and 
tetragonal polymorphs. Depending on sintering temperature and duration, cubic 
grains exhibiting 6–7 mol % yttria could coexist with tetragonal grains containing 
less than 2 mol % yttria. 
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Apart from the previously reported papers about the usage of zirconia in human like 
environmental conditions, many other have been published. Shimizu et al. [13] tested 
TZP samples (grain size 0.25 lm, density 6 g cm
-3
) in vitro and in vivo. In vitro tests 
were performed in saline at 37, 50, 95°C for 36 months, and in an autoclave at 121°C 
for 960 h. Samples were tested in vivo in subcutaneous tissue and in the tibial 
marrow of JW rabbits for 30 months. Three-point bending tests were performed on 8 
mm gauge samples. Alumina was used as a control. Samples tested at 37&C in vitro 
and in vivo did not show significant differences. The development of the monoclinic 
phase on the surface of the samples was only observed 90 d after the beginning of the 
test, reaching approximately 2 and 5 mol% after 12 and 30 months, respectively. In 
correspondence with the T-M surface transformation, an increase in the bending 
strength of samples was observed, but the starting value was recovered after 30 
months. In samples tested at 50°C, 16 mol% of the surface underwent a T-M 
transition after 3 yr. The corresponding increase in bending strength was about 10%. 
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Zr-OH bonds were identified by FTIR in samples aged for 960 h in water at 121°C. 
This suggests that the phase transition in the material tested depends on mechanisms 
similar to the ones proposed by Sato and Shimada [14,6] or by Yoshimura et al. [7], 
the formation of Zr-OH bonds being the transition initiator. Nevertheless, no 
microcracks were observed by SEM in identical material samples aged 1920 h in 
saline at 121°C. The activation energy of the transition process in the material tested 
was calculated to be about 21.5 kcal mol
-1
. This result allowed the authors to predict 
that the bending stength of the material will maintain for 80 yr a value higher than 
800 MPa. Results of ageing tests in water for three years were reported. The 
activation energy of the T-M transformation process was calculated according to the 
Sato and Shimada model to be 25.2 kcal mol
-1
. On this basis authors can calculate 
that the flexural strength of the material maintained for 50 yr in water at 37°C will be 
more than adequate for orthopaedic or dental implants. Recently Chevalier et al. [15] 
reported the results of a study on the T-M transformation kinetics in TZP obtained 
from coprecipitated powders. These results allow to predict a 25 yr ageing period at 
37°C to reach 20% monoclinic content in their samples. The activation energy 
measured (log kJ mol
-1
) is of the same order of the one measured by Shimizu et al 
[13].  
Not only the yttria content but also the yttria distibution plays a role on T-M phase 
transition in TZP mate- rials. The stabilizing oxide is introduced in zirconia during 
the early steps of the powder manufacturing process, i.e. coprecipitation of yttrium 
and zirconium salts. A different approach to the introduction of stabilizing oxide in 
ceramic powders consists a coating zirconia grains with yttria, thus obtaining an 
yttria gradient in the material. The effects of this yttria distribution on TZP 
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hydrothermal stability was investigated by Richter et al. [16]. Samples obtained by 
coprecipitated and coated powders following the same preparation and sintering 
schedule were treated in an autoclave in the presence of water vapour at 140°C up to 
120 h. The development of M-phase in the samples made out of the two materials 
follow a quite different evolution: in 'coprecipitated' samples one can observe a fast 
increase in M-phase content, reaching 80 vol% after 24 h. The successive evolution 
of the transformation is slower, the amount of M-phase reaching 90 vol% after 120 h 
of treatment. In 'coated' samples, the evolution of the M-phase appears to be 
progressive, reaching 60 vol% after 120 h of treatment. The thickness of the 
monoclinic layer after 120 h approximately 120 lm in TZP made out of 
coprecipitated powder, and around 5 lm when made out of coated powder. This result 
was achieved using precursors sintered to full density at a relatively low temperature 
without glassy additives, resulting in a TZP completely tetragonal with grains less 
than 0.5 µm in size. 
Zirconia manufacturers claimed that aging problem was limited under in vivo 
situation until year 2001 when roughly 400 femoral heads failed in a very short 
period. 
Up to date clinical reports appear to be again somewhat opposite: some results show 
excellent behavior of some heads after several years in vivo, while others show poor 
follow up results, with severe wear and osteolysis around the implant. Few case 
studies report surface degradation of zirconia implants, which could be related to 
ageing. However, there is a clear lack today of correlation between ageing and 
clinical failures. The history of zirconia has been the subject of misleading 
interpretations and confusions, mainly due to an absence of rigorous scientific 
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clarifications on ageing. There is, thus, a great need of more advanced studies on 
zirconia implants, with a deeper correlation between microstructure and LTD 
resistance in vivo 
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Characterization of Tetragonal and Monoclinic Zirconia 
 
It is possible to evaluate the presence of tetragonal and monocline zirconia with an 
high lateral resolution basing on Raman effect that is the inelastic scattering of light 
due to the interaction with vibrating matter. This is the base of Raman Spectroscopy. 
When the sample is illuminated with a monochromatic laser light it is possible to 
collect the backscattered light through a microscope objective and analize it with a 
monocromator getting a spectrum. With a monochromatic laser light with 514.5nm 
of wavelength (green) for instance the result on a Y-PSZ sample is: 
 
 
 
Where the 148 and 264 cm-1 of Raman Shift peak are characteristic of t-zirconia 
while the two peaks at 182 and 192 are characteristic of m-zirconia. It is possible to 
evaluate the amount of m-zirconia respect the total with the Clarke – Adar formula 
[17]: 
𝑚 − 𝑍𝑟𝑂2 𝜈 =
𝐼𝑚
181 + 𝐼𝑀
192
0.97 𝐼𝑚
148 + 𝐼𝑚
264 + 𝐼𝑚
181 + 𝐼𝑀
192  
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Where I is the intensity of the signal calculated fitting the spectrum and using the 
area under each of the four peaks in the previous formula as the intensity: 
 
 
Raman spectroscopy is afar more convenient method than XRD, as recognized also 
by Chevalier et al., in their review on LTD [17,4] 
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Methods sensitive to the surface topography (Optical interference, OI, Scanning 
Electron Microscopy, SEM and Atomic Force Microscopy, AFM) can provide 
indirect evidence of the t-m transformation in the form of uplift from flat surfaces. If 
the same sample is observed after time they can also provide indirect evidence of 
aging, but they cannot be used for bulk quantitative assessment. 
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State of the art in dentists letterature 
 
 
This job starts behind two papers  published in 2008 [18,19] on ―Dental Materials‖. 
The Authors, J. Robert Kelly and Isabelle Denry,  report an overview about PSZ as a 
structural ceramic and a ―state of the art‖ about Zirconia for dental applications. 
The first paper report everything about Zirconia and its properties: phase changing 
with relative temperature, flaw control, tipical stabilizers and their amount, the 
mechanism of t to m transformation with thermodynamic equations, what happen 
with cyclic fatigue. One paragraph is dedicated to Low Temperature Degradation but 
the reported information are vague and too much superficial.  
It‘s reported that: 
- It was shown that a slow t m transformation from the metastable tetragonal 
phase to the more stable monoclinic phase occurs in surface grains in a humid 
environment at relatively low temperatures (150-400°C) 
- The transformation of one grain is accompanied by an increase in volume that 
causes stresses in the surrounding grains and microcracking. Water 
penetration then exacerbates the process of surface degradation and the 
transformation progresses from neighbor to neighbor.  The growth of the 
transformation zone results in severe microcracking, grain pullout and finally 
surface roughening, which ultimately leads to strength degradation. 
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- It seems wise to keep in mind that some forms of zirconia are susceptible to 
aging and that processing conditions can play a critical role in the low 
temperature degradation of zirconia. 
So even if they get in touch with the problem, it is reported but not understood the 
phenomenon of aging in hydrothermal conditions and, even if is LTD, degradation in 
a range of temperature that has not interest for applications of zirconia inside human 
body. 
The second paper focus the attention on dental applications of zirconia. Again are 
reported informations about zirconia properties and phase changing, a complete 
treatment about commercially available zirconia based materials for dental 
prosthesis, but above all we focused our attention on aging.  
It‘s reported: 
- However, due to the metastability of tetragonal zirconia, stress-generating 
surface treatments such as grinding or andblasting are liable to trigger the 
t→m transformation with the associated volume increase leading to the 
formation of surface compressive stresses, thereby increasing the flexural 
strength but also altering the phase integrity of the material and increasing the 
susceptibility to aging. The low temperature degradation (LTD) of zirconia is 
a well-documented phenomenon, exacerbated notably by the presence of 
water. The consequences of this aging process are multiple and include 
surface degradation with grain pullout and microcracking as well as strength 
degradation. 
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Once again the problem of aging is mentioned but not faced up. The human mouth is 
a humid environment but the range of temperature is far from the typical values 
reported in literature (130-400°C).  
A former paper of 2002 by B.I. Adlin on ―Dental Materials‖ [20] reported some 
results about aging at 80°C and acid environment according to the international 
standard ISO 6872:1995 for dental ceramics. Zirconia‘s t to m transformation is 
reported with sample‘s surface deterioration but without any mechanical properties 
loss, while a higher presence of monocline phase is reported with a surface 
machining that generated a higher roughness before aging test. 
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Piezospectrosopy 
 
The detrmination of the residual stresses [21] 
 
 
The determination of the average elastic properties of polycristalline and composite 
materials is one of the classical problems in the mechanics of materials. 
Over the years many models have been estabilished (Voigt and Reuss, Hashin – 
Strikman , Pompe, etc.), One of them describe the spatial distribution of stresses by 
statistical method: the stress field is described by an appropriate probability function 
from which the average values of the stresses are expressed in terms of the first 
moment of the stress distribution while the spatially varying stresses are expressed in 
terms of the second moment of the distribution. 
In Zirconia – Alumina composites it is possible to evaluate the stresses and the stress 
distribution using the measurement of the optical fluorescence shifts from the 
alumina phase. 
The fluorescence used is the R2 fluorescence line from electronic transition of Cr
3+
 
ions presents as natural impurity in the corundum structure , acting as substitutional 
dopants  in the alumina, excited by an optical probe.  
The piezo-spectroscopic effect refers to the stress dependence of spectroscopic 
bands, be they Raman, infra-red, absorption or luminescence bands. This dependence 
arises because vibrational (for Raman or i.r.) or electronic (for absorption or 
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luminescence) energy levels are shifted when a stress acts on the system from which 
the spectroscopic signal is originating. (In reality the energy levels are sensitive to 
strain, rather than stress; the assumption of elastic regime allows the more 
straightforward approach in terms of stress). The piezo-spectroscopic effect can be 
empirically represented by the following tensorial equation: 
 
∆𝜈 = Π𝑖𝑗 𝜎𝑖𝑗  
 
where ∆𝜈 is the observed spectral frequency shift, Π𝑖𝑗  is the piezo-spectroscopic 
tensor and Π𝑖𝑗  is the stress tensor, where the stress can be applied or residual 
(suffixes are written according to the Repeated Index Notation). Hereafter we will 
present the piezo-spectroscopic approach for randomly oriented polycrystalline 
samples. For Raman bands equation ∆𝜈 = Π𝑖𝑗 𝜎𝑖𝑗  can be rearranged to give a spatial 
average of the hydrostatic stress < 𝜎 >: 
 
< 𝜎 >=  
Δ𝜈
3 < Π >
 
 
where< Π > is usually determined from a calibration: a known stress is applied 
uniaxially to the pure polycrystalline material and the corresponding shift Δ𝜈 is 
recorded. In the case of fuorescence lines due to Cr
+3 
substitutional impurities in 
polycrystalline alumina, equation ∆𝜈 = Π𝑖𝑗 𝜎𝑖𝑗 becomes: 
 
< 𝜎 >=  
Δ𝜈
2Πa + Πc
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where Πa  and Πc  are the piezo-spectroscopic coefficients along the a and c axis of 
the alumina hexagonal cell (2Πa+Πc= 7.6 cm
-1
/GPa). Albeit the point symmetry of 
the Cr
+3 
 ion, D3d(3 m), makes the shift dependent on shear stresses, the shift from a 
large number of randomly oriented grains is only sensitive to the trace of the stress 
tensor. 
The mutual consistency of the experimental stresses determined from Raman bands 
in zirconia and from fluorescence bands in alumina has already been tested and 
proved in alumina/zirconia composites; there it was shown that the stresses obtained 
from equations < 𝜎 >=  
Δ𝜈
3<Π>
 and < 𝜎 >=  
Δ𝜈
2Πa +Πc
 obey the static equilibrium 
condition, i.e. 
 
𝑓𝐴 𝜎𝐴 + 𝑓𝑍 𝜎𝑍 = 0 
 
where f represents the volume fraction and A and Z indicate alumina and zirconia, 
respectively. 
 
 
For a polycristalline material, the shift in fluorescence frequency <Δν> is a measure 
of the first moment of the stress distribution and the broadening of the fluorescence 
peak , < Δ𝜈2 > ,is dependent on the second moment of the stress distribution. 
The width of the fluorescence band provides information about the stress 
distribution. By defining the broadening as the difference between the peak width 
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
42 
 
under observation and the peak width of an unstressed, single crystal sapphire, the 
relationship between the broadening  < 𝛥𝜈2 > and the width of the stress 
distribution 𝜎𝑤  is given by: 
 < 𝛥𝜈2 >=   4Πa2 + Πc2 𝜎𝑊,𝐶𝐴
2 +  2Π𝑎 + Πc 2𝜎𝑊,𝑇𝐸𝑀
2  
where CA and TEM indicate the stress distribution due to the crystallographic 
anisotropy of alumina (the CTE along the c-axis is larger than along the a-axis) and 
to the thermal expansion mismatch with zirconia, respectively. According to 
equation  < 𝛥𝜈2 >=   4Πa2 + Πc2 𝜎𝑊,𝐶𝐴
2 +  2Π𝑎 + Πc 2𝜎𝑊,𝑇𝐸𝑀
2  the larger the 
experimental peak width, the wider is the stress distribution. Moreover, 𝜎𝑊,𝑇𝐸𝑀  
depends on the volume fraction of alumina in the composites, while 𝜎𝑊,𝐶𝐴 does not. 
 
Reference – Theorical explanation of piezo-spectroscopy – [22] 
 
Stochastic analysis of residual stresses in two phases materials 
To apply it can be imposed a series of restrictions. 
 First a general statement of the first and second moment of the stress 
distribution in terms of elastic strain energy, u, stored in the stress field. This energy 
depends on the topological distribution of the constituent phases.  
 Then invoking the principle of maximum entropy is imposed that the values 
for the resulting stress distribution depend on the topological nature of the phase 
distribution. 
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In Alumina-Zirconia systems stresses are a result of both the anisotropic thermal 
expansion of the Alumina grains and the difference in thermal expansion between the 
Alumina and Zirconia phases. ( 𝛼𝑍𝑟𝑂2= 12x10
-6
 °C
-1
, 𝛼𝑐  𝐴𝑙2𝑂3  = 9.5x10
-6
 °C
-1
, 
𝛼𝑎  𝐴𝑙2𝑂3=8.65x10
-6
 °C
-1
)[23]. The residual stress in any particular alumina grain, 
whose crystallographic axes are oriented at an angle ―omega‖ to a fixed coordinate, 
can then be written as the linear superposition of two parts: 
𝜎𝑖𝑘 𝑥 = 𝜎𝑖𝑘
𝑖  𝑥 + 𝜎𝑖𝑘
𝑎  𝑥|Ω  
Where 𝜎𝑖𝑘
𝑖  𝑥  denotes the stress in the Alumina averaged over all possible 
crystallographic orientations of the grains and therefore corresponds to the isotropic 
component (i) due to the presence of zirconia grains, and 𝜎𝑖𝑘
𝑎  gives the orientation 
dependent part, corresponding to the anisotropic component (a) of the stress 
distribution due to the thermal anisotropy. These two components can be considered 
separatly in the following. 
2. I. Average stress 
The average stress in the alumina grains can be expressed as the stresses in equation  
𝜎𝑖𝑘 𝑥 = 𝜎𝑖𝑘
𝑖  𝑥 + 𝜎𝑖𝑘
𝑎  𝑥|Ω  
averaged over all the alumina grains in the material. This is given by the first 
moment of the stress distribution over the ensemble of grains 
 
< 𝜎𝑖𝑘 >𝐴=< 𝜎𝑖𝑘
𝑖 >𝐴+< 𝜎𝑖𝑘
𝑎 |Ω >𝐴  
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where < 𝜎𝑖𝑘
𝑖 >𝐴 is the first moment of the isotropic stress field and < 𝜎𝑖𝑘
𝑎 |Ω >𝐴, is 
the first moment of the distribution for orientation-dependent part of the stress field 
due to anisotropy of A1203.  
From force balance condition, the average stress in the zirconia grains is given by  
 
𝜈𝑍 < 𝜎𝑖𝑘
𝑖 >𝑍+ 𝜈𝐴 < 𝜎𝑖𝑘
𝑖 >𝐴= 0 
Since the zirconia phase is cubic, < 𝜎𝑖𝑘
𝑖 >𝑍 is the total average stress in zirconia 
grains. 
The first moment of the anisotropic part of the stress field, that due to the thermal 
misfit between the differently oriented alumina grains, can be expressed As 
 
< 𝜎11
𝑎 |Ω >=< 𝜎22
𝑎 |Ω >=
2
3
𝐺𝐸 𝛼𝑐 − 𝛼𝑎 Δ𝑇 ≡< 𝜎𝑎
𝑎 > 
< 𝜎33
𝑎 |Ω >= −
4
3
𝐺𝐸 𝛼𝑐 − 𝛼𝑎 Δ𝑇 ≡< 𝜎𝑐
𝑎 > 
with 
𝐺𝐸 =
𝐺𝐴 9𝐾𝐴 + 8𝐺𝐴 
5 3𝐾𝐴 + 4𝐺𝐴 
 
Where K and G are the bulk and shear moduli. 
This expression is valid provided the alumina grains are randomly oriented and the 
elastic anisotropy of alumina is small, which it is. 
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Stress fluctuations 
The second moment of the stress distribution describes the spatial fluctuation of the 
residual stresses, and is characterized by the width of the fluorescence peak. Using 
the separation of stresses described before , the second moment can be expressed as 
 
< 𝜎𝑖𝑘𝜎𝑖𝑘 >=< 𝜎𝑖𝑘
𝑖 𝜎𝑖𝑘
𝑖 > +2 < 𝜎𝑖𝑘
𝑖 𝜎𝑖𝑘
𝑎 > +< 𝜎𝑖𝑘
𝑎 𝜎𝑖𝑘
𝑎 > 
 
If the cross-correlation of the two stress fields is small relative to the other two terms, 
it can be neglected and the second moment becomes 
 
< 𝜎𝑖𝑘𝜎𝑖𝑘 >=< 𝜎𝑖𝑘
𝑖 𝜎𝑖𝑘
𝑖 > +< 𝜎𝑖𝑘
𝑎 𝜎𝑖𝑘
𝑎 > 
 
Analysis of Alumina 
The frequency shift of the R2 line from a volume element with constant stress 
distribution within a A1203 grain is  
Δ𝜈 = 2Π𝑎𝜎𝑎 + Π𝑐𝜎𝑐 
where Π𝑎 , and Π𝑐  are the piezo-spectroscopy coefficients for the a and c directions. 
They have been measured recently at room temperature to have values of 2.75 and 
2.10 cm 
-1
GPa 
-1
, respectively. A positive shift implies tension and a negative one 
implies compression. 
 
It si possible to write the residual stress in A1203 as the sum of the contribution from 
the thermal mismatch between the two phases and from anisotropy of A1203 as the 
sum of the contribution from the thermal mismatch between the two phases and from 
the anisotropy of A1203 itself. The fluorescence shift can similarly be decomposed 
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Δ𝜈 = Δ𝜈𝑎 + Δ𝜈𝑖 
and we assume that the stress due to thermal expansion anisotropy is independent of 
the volume fraction of ZrO2. Using the piezospectroscopic relationship Δ𝜈 =
2Π𝑎𝜎𝑎 + Π𝑐𝜎𝑐 ,  we have 
< 𝛥𝜈𝑎 >= Π𝑐 < 𝜎𝑐
𝑎 > +2Π𝑎 < 𝜎𝑎
𝑎 >= − Π𝑎 − Π𝑐 < 𝜎𝑐
𝑎 > 
The shift due to the average stress caused by ZrO2 inclusion < 𝜎𝑖 > is 
< 𝛥𝜈𝑖 >=  Π𝑐 + 2Π𝑎 < 𝜎
𝑖 > 
The peak broadening is directly related to the width of stress distribution. To obtain 
an explicit relationship, we assume again that 𝜎𝑎  and 𝜎𝑐  are (a)independent of each 
other, (b) independent of 𝜎𝑖 , and (c) they all follow Gaussian distribution 
 
𝑝 𝜎𝑎
𝑎 𝑝 𝜎𝑐
𝑎 𝑝 𝜎𝑖 = 𝑁 exp  −
 𝜎𝑎
𝑎−< 𝜎𝑎
𝑎 > 2
2𝜎𝑤
𝑎  × exp  −
 𝜎𝑐
𝑎−< 𝜎𝑐
𝑎 > 2
2𝜎𝑤
𝑎  × exp  −
 𝜎𝑖−< 𝜎𝑖 > 
2
2𝜎𝑤
𝑖
  
where 𝜎𝑤
𝑎 , and 𝜎𝑤
𝑖 , are the breadths of the distribution in stresses 𝜎𝑎
𝑎  (or 𝜎𝑐
𝑎 ) and 𝜎𝑖  
respectively. 
The peak broadening can then be shown to consist of two parts 
 
 < 𝛥𝜈2 >=  < 𝛥𝜈𝑎2 > +< 𝛥𝜈𝑖2 > 
Where 
 
 < 𝛥𝜈𝑎2 >=  4Π𝑎2 + Π𝑐2𝜎𝑤
𝑎  
 < 𝛥𝜈𝑖2 >=  2Π𝑎 + Π𝑐  𝜎𝑤
𝑖  
 
Where  < 𝛥𝜈𝑎2 > is the broadening due to thermal anisotropy, which is independent of 
𝜈𝑍 , and  < 𝛥𝜈𝑖2 > is due to the thermal mismatch of the two phases. 
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Since the pertinent piezo-spectroscopic coefficient of zirconia is not known from 
direct calibration, it is possible to follow this procedure to determine it. Expressing 
the stresses according to equations < 𝜎 >=  Δ𝜈
3<Π>
 and < 𝜎 >=  Δ𝜈
2Πa +Πc
, the static 
equilibrium condition given by equation 𝑓𝐴 𝜎𝐴 + 𝑓𝑍 𝜎𝑍 = 0 becomes: 
 
𝑓𝐴
Δ𝜈𝐴
2Π𝑎 + Πc
+ 𝑓𝑍
Δ𝜈𝑍
3 Π𝑍 
= 0 
Since it is experimentally known that this condition is respected, for a given volume 
fraction the only unknown is  Π𝑍  
 
GS effect 
 
For a given volume fraction, larger alumina GS implies less alumina grains that can 
act as grain boundary pinning agents and, consequently, zirconia grains can grow 
larger. 
5% vol. alumina can effectively inhibit grain growth of zirconia for any given 
alumina GS. 
Alumina has a lower coefficient of thermal expansion than zirconia; upon cooling it 
shrinks less and, consequently, it is under residual compression. 
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Stress vs alumina volume fraction 
The thermal strain in binary composites arises because of the di€erent CTE of the 
two phases and is given by: 
𝜀 =   𝛼𝐴 − 𝛼𝑍 
𝑇0
𝑇𝑠𝑓
𝑑𝑇 
where α represents the CTE, Tsf is the temperature below which stresses cannot be 
accommodated by some plastic mechanism and T0 is the temperature at which the 
experimental measurements are performed. 
Kreher and Pompe have shown that, for the case of isolated particles of alumina 
embedded in a continuous matrix of zirconia, the stress in alumina,  𝜎𝐴 , is given by: 
 𝜎𝐴 = −3𝑓𝑍𝐾
∗   𝛼𝐴 − 𝛼𝑍 
𝑇0
𝑇𝑠𝑓
𝑑𝑇 
Where 𝐾∗  is an effective modulus given by: 
 
𝐾∗ =
𝐾𝑍𝐾𝐴
𝐾𝐴𝑓𝐴 + 𝐾𝐴𝑓𝐴𝑛𝑍 + 𝐾𝐴𝑛𝑍 + 𝐾𝑍𝑓𝑍𝑛𝑍
 
 
 
KZ and KA represent the bulk modulus of pure zirconia and alumina, respectively, 
and nZ is given by: 
𝑛𝑍 =
2 1 − 2𝜈𝑍 
1 + 𝜈𝑍
 
 
where 𝜈𝑍 is the Poisson's ratio of zirconia. The average stress in zirconia  𝜎𝑍  can be 
obtained from equation  𝜎𝐴 = −2𝑓𝐴𝐾
∗   𝛼𝐴 − 𝛼𝑍 
𝑇0
𝑇𝑠𝑓
𝑑𝑇 applying the static 
equilibrium condition 𝑓𝐴 𝜎𝐴 + 𝑓𝑍 𝜎𝑍 = 0: 
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 𝜎𝑍 = −3𝑓𝐴𝐾
∗   𝛼𝐴 − 𝛼𝑍 
𝑇0
𝑇𝑠𝑓
𝑑𝑇 
The crystallographic anisotropy of alumina contributes to the stress along the 
different axis of an alumina grain, but it does not give a net contribution if averaged 
spatially over a large number of grains. The CTEs dependence on temperature of 
these materials has been determined by Hillman et al. to be: 
𝛼𝑍 𝑇 = 9.75𝐸 − 6 +  4.0𝐸 − 9 𝑇 − (1.44𝐸 − 12)𝑇
2 
𝛼𝐴 𝑇 = 6.6𝐸 − 6 +  4.1𝐸 − 9 𝑇 − (8.9𝐸 − 13)𝑇
2 
with 
Alumina bulk modulus, KA 263 GPa 
Zirconia bulk modulus, KZ 150 GPa 
Zirconia Poisson's ratio, nZ 0.25 
 
Stress vs. GS 
In alumina there is a substantial independence of stress on GS ratio for all 
composition but 20% vol. In this latter case a larger GS ratio induces a reduction of 
the compressive stress. The insensitivity of the stress in alumina with respect to GS 
ratio is to be found in the similar, largely hydrostatic pressure perceived by each 
alumina particle, completely surrounded by the zirconia matrix. 
When the percolation limit (at about 18% vol. ) is exceeded, as in the case of the 
samples with 20% vol. alumina, then the decrease in stress with GS ratio is likely due 
to the larger number of grain boundaries in the surrounding zirconia that are subject 
to stresses large enough to activate the diffusional relaxation, as discussed below (a 
particle with a given GS is surrounded by more grain boundaries when the matrix GS 
decreases). Further information can be obtained from the width of the stress 
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fluctuations. These fluctuations arise because of the presence of local microstructural 
inhomogeneities such as pores, cracks, grain edges and corners acting as stress 
concentration sites and because of the interaction of the stress fields due to alumina 
grains differently oriented with respect to each other. 
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The physical basis for the peak broadening due to the relative orientation of alumina 
grains is schematically represented in Fig. 6. 
The broadening can be converted to stress distribution width according to: 
𝜎𝑊,𝐶𝐴 =  
 Δ𝜈2 
 4Πa2 + Πc2 
 
 
The decrease in peak broadening which is observed at the largest GSs might be due 
to microcracking. 
Microcracks are more easily formed in materials with large grain size  and are known 
to reduce the width of the Gaussian residual stress distribution. The main reason for 
the wider stress distribution is to be found in the different microstructure. 
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Research Outline 
 
 
The aim of this job is to investigate what happen to Zirconia in a wet environment 
and low temperature. It is possible to find in the literature many articles about Low 
Temperature Degradation (LTD) of Zirconia but normally they refer to conditions 
different from what is inside the human mouth.  
Yoshimura et al.[7], Lange et al.[8] for istance report results about Zirconia LTD 
referring to hydrothermal conditions and temperatures in the order of 200-300°C. 
This is quite far from our interest. 
For this reason in this job has been investigated what happen to tetragonal-zirconia in 
a range of temperature representative of the mouth. 
The research activity has been divided into 3 Phases. In the first one have been 
investigated a set of samples fully analyzed in 2000  and then aged at room 
temperature and open air conditions, then, as a result of this have been developed the 
second phase in which have been investigated a sample of commercially available 
zirconia-based material normally used in dentistry to create prosthesis. In the third 
part of the research have been developed and tested a method to restrain the 
degradation of zirconia. 
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PHASE ONE - Ageing at room temperature in atmosphere 
 
It is well known by materials‘ engineers that Zirconium Oxyde in tetragonal form (t-
zirconia) is a material susceptible of ageing. It means that the metastable form of 
zirconia switch to a more stable monoclinic form (m-zirconia) over time . It normally 
occur very slowly at room temperature and is not a big problem in usual zirconia-
based application. Many study have been done about this phenomenon in high 
temperature application, like blades coating or thermal barriers for istance, many 
others regarding the LTD, but nothing has been reported about the kinetic of this 
transformation at room temperature. 
In the first part of the research have been investigated a set of Alumina-Zirconia 
samples with different Alumina grain size (GS) inclusions, different compositions 
and different cooling rate. This set was made and fully analyzed in 2001. 
The samples are made with a matrix of Yttria - Partially Stabilized Zirconia in 
tetragonal form (2.5 Y-PSZ) with a nominal GS of 100 nm and inclusions of 
Alumina nominal GS of 0.15, 0.5, 1, 18 µm. The powders were weighted in 4 ratios 
(5, 10, 15 and 20%) and uniaxially pressed at 30 MPa and then sintered at 1550°C 
with a heating rate of 10°C/min and a soaking time of 2h. Then various cooling rate 
were applied (50, 100, 200, 400 and 8000(Forced Air) °C/min). 
After that in 2000 have been investigated the relation between residual stress and 
cooling rate and between stress distribution and cooling rate with the different GS 
inclusions. 
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Reference – Analysis and calculation in 2000 – [24] 
 
The material of interest for the present study is a homogeneous 
mixture of alumina and zirconia grains; in this case, the total, experimentally 
observable frequency shift,  Δ𝜈 , is given by: 
 Δ𝜈 =
1
3
 2Π11 + Π33  𝜎𝑖𝑖
𝑖  𝐴 +  Δ𝜈
a  
where Π11  and Π33  are called piezo-spectroscopic coefficients (Π11= 2.75 cm
-1
/GPa 
and Π33=2.1 cm
-1
/GPa). The first 
term represents the frequency shift due to the isotropic stress caused by the thermal 
expansion mismatch with zirconia,  𝜎𝑖𝑖
𝑖  𝐴 (where the repeated index implies 
summation). The second term,  Δ𝜈a , is the shift resulting from the stress due to the 
thermal expansion anisotropy along the a-axis and c-axis of the corundum structure 
of alumina. We have prepared pure polycrystalline alumina with GSs in the range of 
those found in the composites of the present study and  Δ𝜈a  is determined to be 0.1 
cm
-1
, with respect to pure, single-crystal sapphire. According to  Δ𝜈 =
1
3
 2Π11 +
Π33  𝜎𝑖𝑖
𝑖  𝐴 +  Δ𝜈
a , this value is then subtracted from the total observed shift to 
determine the average isotropic stress 𝜎𝑖𝑖
𝑖  𝐴 .  
Additional information on the stress field can be obtained from the width of the 
luminescence bands. The finite width of the R2 fluorescence peak has several causes: 
(i) the quantum uncertainty of the energy levels involved in the electronic transition; 
(ii) the lattice motion associated with the finite temperature (thermal broadening); 
and (iii) the breadth of the stress distribution. The first cause induces a broadening of 
the order of a tenth of wavenumber,14 which is negligible when compared with the 
other two causes; moreover, similar to the thermal broadening, the quantum 
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uncertainty is expected to contribute equally to the spectra of single-crystal and 
polycrystalline samples. As for the frequency shift  Δ𝜈 =
1
3
 2Π11 + Π33  𝜎𝑖𝑖
𝑖  𝐴 +
 Δ𝜈a , the stress-related broadening of the peaks also consists of one isotropic part 
and one anisotropic part: 
  Δ𝜈2  1/2 =   Δ𝜈𝑖
2
 +  Δ𝜈𝑎
2
  
1/2 
where ( Δ𝜈𝑖
2
 )1/2 and ( Δ𝜈𝑎
2
 1/2 ,that is, the broadening due to the thermal mismatch 
with zirconia and that due to the thermal expansion anisotropy in alumina are given 
by, respectively, 
  Δ𝜈𝑖
2
  
1/2
=  2Π11 + Π33 𝜎𝑤
𝑖  
  Δ𝜈𝑎
2
  
1/2
=  4Π11
2 + Π33
2  1/2𝜎𝑤
𝑎  
 where σw is the width of the stress distribution. To decouple the experimental 
broadening into its two components, the peak width 
of pure alumina samples with various GSs has been determined, assuming that the 
broadening of the peaks with respect to pure single-crystal corresponds to 
  Δ𝜈𝑎
2
  
1/2
. Therefore, in pure alumina, the peak width is almost independent of 
GS, with a broadening value of 0.5 cm
-1
, which, according to   Δ𝜈𝑎
2
  
1/2
=
 4Π11
2 + Π33
2  1/2𝜎𝑤
𝑎 , corresponds to 85 MPa. The value of 0.5 cm
-1
has been used in 
  Δ𝜈2  1/2 =   Δ𝜈𝑖
2
 +  Δ𝜈𝑎
2
  
1/2
 to retrieve the isotropic part of the broadening 
from the experimental data. The isotropic part then has been converted to stress 
distribution width, according to   Δ𝜈𝑖
2
  
1/2
=  2Π11 + Π33 𝜎𝑤
𝑖 .
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Then the set of samples have been stored 8 years in Room conditions (20-25°C and 
50% air humidity) and then have been done the same analysis in order to evaluate the 
stress and the stress distribution and to search for the presence of m-zirconia. 
The samples have been analyzed with a raman spectroscope with the procedures 
described in the previous chapters. 
Results 
The set is divided by alumina inclusions GS into 4 groups, and all of them present m-
zirconia presence. Five different spectra have been taken on every sample and then 
have been fitted in order to evaluate the monoclinic rate and have been calculated an 
average value according with the Clarke – Adar formula [25]: 
𝑚 − 𝑍𝑟𝑂2 𝜈 =
𝐼𝑚
181 + 𝐼𝑀
192
0.97 𝐼𝑚
148 + 𝐼𝑚
264 + 𝐼𝑚
181 + 𝐼𝑀
192  
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And the results are: 
Alumina GS = 0.15 µm 
  C.R. 50 100 200 400 8000 
%Al2O3  
     5      4.33 2.03   
10            
15  2.14     5.64   
20  2.11 0.9       
 
Alumina GS = 0. 5 µm 
  C.R. 50 100 200 400 8000 
%Al2O3  
     5  1.27 3.9       
10    2.18 3.82 3.68   
15  3.21 4.95       
20            
 
Alumina GS = 1 µm 
  C.R. 50 100 200 400 8000 
%Al2O3  
     5  4.2         
10      2.87   4 
15  1.93 4.46       
20  3.11 3.24       
 
Alumina GS = 18 µm 
  C.R. 50 100 200 400 8000 
%Al2O3  
     5  2.34 4.51       
10    3.95   1.48   
15  3.25 3.81     5.36 
20  3.65         
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The samples with a small cooling rate present more frequently the presence of m-
zirconia with an amount between 1% and 5% in weight. The samples with high 
cooling rate present it more rarely. It is not possible to find out an equation that fit 
the data correlating the cooling rate, the GS and the m-zirconia content, and also 
there are not data collected in the period between 2000 and 2008 so it is not possible 
to correlate everything with the time. But it is interesting to observe that even if the 
samples were not subjected to any mechanical or thermal stress, chemical agent or 
anything else, the tetragonal to monoclinic transformation occur anyway and we are 
faced with the phenomenon of aging, that is well known by literature even if the 
degradation at room temperature without any action on the material is not interesting. 
Have been collected also 5 alumina spectra on each sample in order to evaluate the 
residual stress and the stress distribution  of the material. All the spectra have been 
fitted with a mixed Laurentian and Gaussian function with the software Grams/AI by 
Thermo inc. and then have been evaluated the R
2
 peak shift respect to the stress free 
position and the full-width at half maximum (FWHM) of the same peak. 
The results have been plotted in some graphic and compared with the results in 2000. 
The colored graphs are made in 2008 while the black and white are from 2000. 
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Hydrostatic Stress 
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In all the set of samples the hydrostatic residual stress have a negative sign. It means 
that the alumina grains are in compression. It is possible to observe that after 8 years 
the compression is decreased, and this is due to the presence of m-zirconia. 
 
 
-700
-650
-600
-550
-500
-450
10 100 1000
H
yd
ro
st
at
ic
 S
tr
e
ss
 [
M
P
a]
Cooling Rate [K/min]
20% Alumina
GS = 0,15 um
GS = 0,5 um
GS = 1 um
GS = 18 um
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
63 
 
The Autocathalitic effect 
 
Zirconia and Alumina present a different CTE so, after sintering at 1550°C, during 
the cooling, are established tensions between grains. Alumina‘s grains are in a 
compressive state while zirconia‘s grains in tensile. This means that zirconia‘s grains 
are subjected to a small mechanical stress. Following the principle of Le Chatelier, t-
zirconia‘s grains want to reduce this stress, so t-zirconia transforms itself into m-
zirconia. This transformation happens with a volume increase and, in this way there 
is a stress relaxation between zirconia‘s and alumina‘s grains. 
 
Alumina grain, in blue, is compressed and zirconia, in grey, is tense. If a zirconia‘s 
grain transforms itself, the stress intensity between it and the adjacent alumina‘s 
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grain decreases. It is possible to correlate the m-zirconia presence to the residual 
stress of alumina. This is confirmed by the reported diagram from the book 
―W.Kreher, W. Pompe, Internal Stresses inHeterogeneous Solids. Akademie, Berlin (1989)‖ 
that report the correlation between alumina and zirconia internal stress 
 
If there is an increasing in the m-zirconia fraction there is also a lower compressive 
stress in alumina but also, at the same time, an increase of tensile stress acting on 
residual t-zirconia because the transformed grain of m-zirconia acts on the adjacent t-
zirconia‘s grains.  
In this way t-zirconia is subjected to the previous alumina‘s action and now also to 
m-zirconia‘s action. Again, following Le Chatelier, it wants to minimize the stress 
and transform itself. 
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This is the so called ―autocatalytic effect‖: a sort of chain reaction. The dynamic of 
this phenomenon suggests a sigmoidal relation between time and m-presence as 
reported by Chevalier et al.[11] 
 
Stress Distribution 
 
 
0
50
100
150
200
250
300
350
400
10 100 1000
St
re
ss
 D
is
tr
ib
u
ti
o
n
 [
M
P
a]
Cooling Rate [K/min]
5% Alumina
GS = 0,15 um
GS = 0,5 um
GS = 1 um
GS = 18 um
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
66 
 
 
 
0
50
100
150
200
250
300
350
400
10 100 1000
St
re
ss
 D
is
tr
ib
u
ti
o
n
 [
M
P
a]
Cooling Rate [K/min]
10% Alumina
GS = 0,15 um
GS = 0,5 um
GS = 1 um
GS = 18 um
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
67 
 
 
 
0
50
100
150
200
250
300
350
400
10 100 1000
St
re
ss
 D
is
tr
ib
u
ti
o
n
 [
M
P
a]
Cooling Rate [K/min]
15% Alumina
GS = 0,15 um
GS = 0,5 um
GS = 1 um
GS = 18 um
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
68 
 
 
 
 
After 8 years the stress distribution is more narrow. The stress distribution describes 
the spatial fluctuation of the residual stress. It means that the stress distribution is 
more homogeneous and the stress acting on each alumina grain is more close to an 
average value. This is due to the stress relaxation caused by the t to m transformation 
of zirconia, because it leads to have a lower stress on alumina while there is a growth 
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of stress between zirconia grains as written before in the autocatalytic process 
description. 
 
Results 
 
This first phase of the research demonstrates that at room temperature there is an 
aging of t-zirconia. This leads to think that being the zirconia also very sensitive to 
moisture it should be intresting to investigate what happen mixing up these two 
factors that are typical of human mouth. 
 
 
 
 
 
 
 
 
 
 
 
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
70 
 
PHASE TWO – Thermocycling in water of Y-TZP  
 
To test what happen to a zirconia based material, a sample made with a commercially 
available Zirconia normally used in dental prosthesis has been subjected to a cycle of 
thermal fatigue and the evolution of the t to m transformation has been monitored by 
raman spectroscopy. 
The termal aging cycle has been done with a Thermocycler by Thermo inc. The 
thermocyler is made of 2 thermostated bowls full of water and a mechanical arm. 
One bowl is at 5°C and the other one at 55°C in order to simulate cold and hot 
situations that may normally happen in a mouth. The mechanical arm move the 
sample between them leaving the sample 30 seconds in each bowl with a drip of 10 
seconds in the middle. One cycle is made of one immersion in che cold bowl, the 
first drip, one immersion in the hot bowl and then the second drip. Every 10000 
cycles the sample is analyzed by spectroscopy. 
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Results 
 
 
 
In the picture above are reported some spectra collected from time zero to 70000 
cycles. 
It is easy to recognize the presence of m-zirconia characterized by the presence of the 
two peak at 181 and 192 cm
-1
 of Raman Shift. Every cycle 5 spectra have been 
collected and the ammount of monoclinic zirconia has been calculated with the 
Clarke – Adar‘s formula. 
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After 20000 cycles it is possible to find the presence of monocline zirconia. It‘s 
presence continue to grow with an exponential-like trend until 50000 cycles, then it 
starts to decrease. The m-zirconia fraction appear to be low, around 6.5% maximum 
before it goes down. We think that there is a loss of material on the surface of the 
sample due to the phase transformation and directly connected with the autocathalitic 
effect. So there is the evidence of the t to m transformation in commercially available 
materials with a loss in weight and a probable surface deterioration. For this reason 
has been set up the phase 3. 
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PHASE THREE - Thermocycling in water of Y-TZP/A  
 
After phases one and two is evident the existence of the t to m transformation at 
room temperature and that the thermocyling in water accelerates it. Thinking about 
the autocathalitic effect, the water effect and the material loss on the surface, have 
been made two sets of samples. Both of them are made with a matrix of nanometric 
Zirconia (100 nm nominal) stabilized with 3% in weight of yttria and inclusions of 
nanometric alumina (200 nm nominal) variable from 0 to 50% in weight. The 
powders were weighted in desired ratios  (0-10-20-30 and 50% in weight of 
Alumina), then attrition milled at 300 rpm with yttria stabilized zirconia grinding 
media for 8h in ethanol, then dried at 80°C in an oven and uniaxially pressed at 2000 
psi and sintered at 1500°C 4h with a heating rate of 150°C/h and a cooling rate of 
140°C/h. 
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Thinking about what happen in phase two, we have a sample with the surface 
exposed to water, so some grains are fully surrounded by others while some of them 
are not. The exposed grains are the most stressed by the effect of water and 
thermocycling. When one of these t-zirconia grains transform itself into m-zirconia 
some new stresses arise with the surrounding grains 
 
The transformed grain increase the volume and is subjected to a compressive stress 
while the surrounding grains are subjected to a tensile stress of the same intensity. At 
the same time there is a surface uplift due to the volume increasing, do a surface 
deterioration.  
The grains subjected to the tensile stress, as described in autocathalitic effect 
paragraph, want to minimize the perturbation from the previous equilibrium state and 
transform themselves. 
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By doing that they increase in volume and this expansion can bring to a detachment 
of the superficial grains. So we have a surface deterioration, a loss of material and a 
wider surface exposed to water and with a higher thermal fatigue. 
This have been also reported by Chevalier et al.[4] 
 
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
76 
 
 
 
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
77 
 
To verify this hypothesis one of the two sets has been subjected to a surface-
treatment done surrounding the samples with nanometric powders of yttria before 
sintering process. The idea is to engineer the surface having an yttria diffusion only 
near the sample surface and increasing the amount of stabilizers only in a very thin 
layer. In this way we do not change the features of the Y-PSZ keeping all the 
mechanical properties inside the core and surrounding it with a more resistant  shell. 
Doing this we slow the deterioration, due to water and thermal stress, that starts from 
the surface; above all this system could be optimal in prosthesis fabrication process 
because it is cheap and permits to do the treatment on any kind of irregular shape. 
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It‘s quite difficult to control the diffusion kinetic with this treatment, so it is not 
possible to calculate the final amount of yttria near the surface but our goal was to 
check if something changes comparing treated set with untreated and literature shows 
that the diffusion coefficient of yttria into zirconia is very small. 
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Results 
 
 
Plotting, as in phase two, the number of cycles vs. the m-zirconia amount, it is 
possible to observe the presence of m-zirconia after 30000 cycles but there is not a 
trend like in phase two. There is not a correlation between the alumina content and 
the m-zirconia amount.  At the same time the measured amount  of monoclinic 
zirconia in untreated samples is higher than in treated. The untreated sample of pure 
zirconia, 70% and 80% of alumina, show an amount that is up to the double respect 
to the amount measured on 60% of alumina samples of treated samples. It is not 
possible to compare different samples, but it is possible to affirm that the treatment 
seems to have the expected effect. 
All the samples have been also weighted every 10000 cycles and the normalized 
weight loss vs. n° of cycles have been plotted: 
 
A.Umeri Study of Zirconia‘s ageing for applications in dentistry  
 
 
 
80 
 
 
While there is a progressive loss of material on all the samples of untreated set (the 
pure Y-PSZ broke after 50000 cycles), it is not possible to identify a trend in the 
treated samples.  The weight increase can be correlated with the hydration of the 
yttrium oxide, while the decrease of weight in some other can be due to some 
imperfection in the enriched layer on the surface. 
Above all we have to consider the not homogeneous internal state due to the uniaxial 
compression of the powders. 
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The photos of some untreated samples, reported as an example, shows that the 
surface is damaged with cracks and material detachment. While the treated sample 
has a flat surface even after 50000 cycles. 
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AFM and NSOM 
 
To analyze the surface with a nanometric resolution in order to collect other 
informations have been used an AFM-NSOM system from Nanonics inc. – Israel, 
this technique permits to have at the same time topological informations about the 
sample‘s surface and an optical image with a nanometric resolution. 
The system has a cantilevered tip that follow the surface shape generating the 
topological image operating in tapping mode. This tip is made with an optical fiber 
coated with gold. The tip has a small aperture of 20nm on the top. The sample is 
illuminated through the fiber with a laser (532 nm wavelength). And the reflected 
light is collected with an amplified photodiode (APD).  
 
Our idea is that this instruments permits to distinguish alumina‘s grains from 
zirconia‘s grains exploiting the different absorbance of green light of the two 
materials. Alumina has an absorption band in green light band while Zirconia has 
not. In this way while the AFM show the surface‘s shape, the NSOM show if there is 
alumina or zirconia under the tip point by point. 
The first trial has been done with an alumina – zirconia composite with an alumina 
with a GS higher than zirconia and the result is: 
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The first image is the topografic image, the secondo ne is the NSOM image. The 
huge grain of the first picture is black in the second and it is alumina, the smaller 
grains are zirconia because are smaller and bright in the NSOM image. 
The second step was to do the same kind of measurement on a alumina-zirconia 
sample aged with the usual thermocycling in water. The grains are nanometric 
between 300 and 500 nm of average dimension. The sample has 10% in weight of Y-
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PSZ and have been polished after the sintering in order to have a flat surface. It was 
analyzed with AFM-NSOM after 80000 cycles. The result is: 
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Once again the dark area is alumina while the bright is zirconia. In the first image 
(AFM) it is possible to see some spots on the surface, while in the second image 
(NSOM) it is possible to distinguish between alumina an zirconia. But it is not so 
easy to understand the informations from the measurement. 
If we plot the same images in 3D the result is: 
 
In this way everything is clear. The image on the right is the NSOM. The crests 
represent zirconia signal while the dark valley represent alumina. On the left there is 
the AFM topographical image. The starting surface is flat while it is possible to see 
some swellings. NSOM doesn‘t distinguish between m-zirconia and t-zirconia, but 
thinking about the model reported also here on the top left corner, it‘s easy to 
understand that the swellings correspond to the m-zirconia while the flat area is made 
of untransformed t-zirconia and alumina. There is also a correspondence between flat 
area on the topographical image and NSOM image. 
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CONCLUSIONS 
 
 
Tetragonal zirconium oxide is a material with a peculiar property between ceramics: 
it can react to a mechanical stress transforming itself increasing its volume. This 
transformation increase the mechanical toughness resisting the crack propagation. 
Dentistry employ this material in dental prosthesis because of its mechanical and 
aesthetical properties. Even if they well known the tetragonal monoclinic 
transformation and the Phase Transformation Toughening (PTT) there is a lack of 
literature about the aging at low temperature. Materials‘ scientist known since 80‘s 
the Low Temperature Degradation (LTD) of zirconia but all the paper‘s refer to LTD 
as degradation in hydrothermal conditions and with temperature in the range of 150-
300°C. Nothing is reported about aging at room temperature or in a range of 
temperature tipical of human body. 
Our job demonstrate that at room temperature and in air without any external action, 
Zirconia transform itself from tetragonal to monocline even if this phase changing 
very slowly.  
We investigate the kinetic of the transformation in water, associating a thermal 
fatigue cycle and demonstrate that commercially available zirconia-based material 
normally used in dental prosthesis, are subjected to aging and that this phenomenon 
is associated with a sample‘s surface deterioration with material‘s loss.  
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We develop a method to modify the surface and demonstrate that is possible to act on 
the material, after the forming process, to create a thin layer rich in stabilizer on the 
surface that slow the sample‘s deterioration. This process is also cheap and is 
possible to control the layer depth and composition acting on time and temperature. 
We demonstrate that it is possible to characterize alumina-zirconia composites with 
AFM-NSOM technique. It is possible to distinguish between alumina‘s  and 
zirconia‘s grains and check for the presence of m-zirconia on the surface.  
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